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Abstract 
Cracking is one of the main reasons for reduction of concrete durability, as it allows for penetration of water and aggressive 
chemicals leading to corrosion of rebars, deterioration and structural failure.  Recently, rapid new developments in the new 
generation of concrete reveal the need for a better assessment of shrinkage and its effect on structural performance, as well as 
prevention and control of shrinkage. The shrinkage test methods that are codified in Poland (Graf-Kaufman and Amsler 
methods) allow for measurement of shrinkage deformation after removal of the forms, i.e. after 24 hours.  In case of the new 
generation concrete with a low w/c ratio, the autogenous shrinkage is very important in the initial period of binding and 
hardening of concrete (up to 24 hours from casting). This paper presents the results of autogenous shrinkage tests for mortar 
and concrete.  The autogenous shrinkage was tested using Auto-Shrink method.  The crack resistance of concrete with regard to 
shrinkage deformations was tested using a ring-test method according to the ASTM Standard C 1698-09. Because autogenous 
shrinkage cannot be controlled by exterior curing procedures, the shrinkage tests were performed with light-weight aggregates 
saturated with water. Use of light-weight aggregates (LWA) allows for “interior curing” based on gradual release of water from 
presaturated LWA balancing interior moisture content. In addition, the effect of shrinkage reducing admixture on deformations 
of internally cured concrete was also tested. The test results confirmed the advantage of the considered internal curing for 
concrete. Internal curing can be successfully applied to concrete structures with low w/c ratio. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Composition of mortar and concrete mix 
The investigated mortars and concrete mixtures were prepared with Portland cement CEM I 42.5R (European 
Standard EN 197-1:2000), fly ash, silica fume, Sika Viscocrete 3 superplasticizer and lightweight aggregate 
Pollytag size of 0-4 mm and 4-8 mm, natural sand 0-2 mm (fine aggregate) and natural granite coarse aggregate 
size 2-8 mm. Pollytag is a lightweight aggregate obtained by sintering fly ash in temperature of  
1000 °C – 1350 °C. Studied mortars had varying w/c ratio, thus different volume of natural fine aggregate and 
lower volume of superplasticizer. Recipes of mortars are presented in table 1. 
Table 1. Composition of self-consolidating mortars. 
Mortars Cement [kg/m3] 
Additives [kg/m3] Water 
[kg/m3] 
SP 
[kg/m3] 
Fine 
Aggregate 
[kg/m3] 
w/c 
Fly ash Silica Fume 
Z-1 450 72 38 113 20 735 0.25 
Z-2 450 72 38 155 9 624 0.34 
Z-3 450 72 38 180 4.5 557 0.40 
 
The composition of lightweight concrete was based on modification of the SCC mix with natural aggregates, 
[6,7]. A constant amount of paste was assumed with a variable proportion of lightweight aggregate to natural 
aggregate. The w/c ratio assumed 0.34 and w/b ratio 0.28. Mixture proportions of the studied concrete mixtures are 
presented in table 2. 
Table 2. Composition of self-consolidating concretes. 
Mix Cement [kg/m3] 
Additives [kg/m3] 
Water 
[kg/m3] 
SP 
[kg/m3] 
Aggregate  [kg/m3] 
Fly ash Silica Fume 
Natural Pollytag 
0-2 2-8 0-2 4-8 
M-1 450 72 38 155 11 624 1072 - - 
M-2 450 72 38 155 7.65 624 - - 540 
M-3 450 72 38 155 7.65 - - 310 540 
 
2. Rheology, density and strength properties of mortars and concretes 
The slump flow of designed mortars was assumed to be between 24-26 cm. Mortars’ rheology was tested with 
slump flow test and visual evaluation of segregation on the edge of the mix was performed. Results are presented 
in table 3. None of the studied mixes showed any signs of segregation, including bleeding.  
Table 3. Rheology, density and strength properties of mortars. 
Mortar Z-1 Z-2 Z-3 
Slump flow.  Dmax[cm] 24.5 24.0 25.5 
V-funnel . t[s] 15.9 15.0 17.6 
VSI 
 
 
   
Density after 28 [kg/m3] 2210 2090 2030 
Compressive strength     
fc.4x4 [MPa] 
28 days 87.24 70.73 70.22 
Flexular strength 
fctm [MPa] 
28 days 10.94 8.56 7.76 
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Rheology of self-consolidating mixtures was evaluated based on following tests: Slump-flow test, V-Funnel test 
and J-ring test. Evaluation of mixture segregation was performed according to Visual Stability Index. Segregation 
was also verified via evaluation of the cross-sectional area of the concrete sample. European Standard EN 206 
defines lightweight concrete (LWC) as concrete containing lightweight aggregate, with maximal density of 2000 
kg/m3. Concrete M-1 is a normal weight concrete, while concretes M-2 and M-3 fulfil the requirements of a 
lightweight concrete mixture. Compressive strength, flexural strength and elasticity modulus were tested after 1, 7 
and 28 days of hardening and at the day (tcr) in which particular ring has cracked. The results are presented in the 
table 4. 
Table 4. Rheology, density and strength properties of concretes. 
Concrete M-1 M-2 M-3 
Slump-flow.  Dmax[mm] . T500 [s] 670;  5.1 750;  3.5 720;  5.2 
V-funnel . t[s] 15.9 15.0 17.6 
 
VSI 
 
   
Density after 28 days [kg/m3] 2330 1780 1590 
Compressive strength                                    
fc.10x10 [MPa] 
tcr 70.8 44.8 37.5 
28 days 99.6 52.4 45.8 
Tensile splitting strength 
fct.sp [MPa] 
tcr 3.65 1.91 1.81 
28 days 4.51 2.54 1.93 
Elastic modulus. Ecm [GPa] 28 days 38.25 19.50 14.66 
3. Auto-shrink linear autogenous shrinkage test of mortars 
Unrestrained linear shrinkage of mortars was measured using corrugated plastic molds with diameter of 29 mm 
and length of 420 mm. Three identical specimens were prepared for each mortar. The specimens were stored in a 
climatic chamber with a temperature of 22 ± 1°C and relative humidity 45 ± 5%. The length of specimens was 
recorded every half an hour for the first 12 hours after setting time and then once a day for 28 days. Reference 
length of specimens was measured right after setting time. Consecutive length measurements were used to 
calculate autogenous deformation. The margin of dilatometer’s dial indicator was 0.001 mm, which translates to 
deformation precision of 2.6 μm/m. Mass of the specimens was also recorded – at the time of setting. Figure 1 
presents the test procedure. 
 
 
Fig. 1 Auto-shrink test procedure: (a) casting; (b) length measurement; (c) zoom-in on the measurement margin recorded by dial indicator. 
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Comparison of test results of mortars with different w/c ratio is shown in the Figure 2 and 3. 
 
 
Fig. 2. Autogenous deformation of mortars during the first 12 hours after final setting time. 
Presented figures show that autogenous shrinkage reaches values between 50 and 300 μm/m in the first 12 hours 
after setting time and is five times higher for a mortar with w/c=0.25 comparing to mortar with w/c=0.4. 
Autogenous shrinkage in following 28 days reaches values between 380 and 620 μm/m and is almost two times 
higher for mortar with w/c=0.25 comparing to mortar with w/c=0.4. Decline in the w/c ratio significantly increases 
autogenous shrinkage. 
 
 
Fig. 3. Autogenous deformation of mortars after 28 days of curing. 
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4. Restrained Shrinkage Test (ASTM C 1581-09) 
The restrained shrinkage test is a fully computerized method for measuring effects of autogenous shrinkage. 
This method does not directly measure shrinkage of concrete, rather concretes’ impact on a steel ring. The test 
records shrinkage deformations and allows evaluating concrete’s vulnerability to cracking. 
 
In the restrained shrinkage ring test, concrete is cast on the outside of a steel ring. Presence of inner ring 
restrains the deformation, which induces the development of inner strain of concrete. The advantage of this test is 
the ability to measure the deformation right after casting. The measurements are done with 4 electrical gauges 
glued to inner surface of a steel ring. The design of this test bench and specimens during the test are presented in 
the figure 4. 
 
 
Fig. 4. Restrained circumferential shrinkage test: (a) cross section of test bench; (b) specimen during autogenous shrinkage test;  
(c) specimen during autogenous shrinkage and drying shrinkage test. 
The test was performed on three specimen of each prepared concrete (M-1, M-2, M-3). Each concrete varied in 
the type of aggregate and volume of superplasticizer. Test was divided into two stages. In the first stage the 
autogenous shrinkage was measured during the first day after casting. The second stage included de-molding of 
outer shielding ring and measurement of the impact of overall shrinkage on the measuring ring. The second stage 
was recorded up till the moment of specimen’s cracking. The test results are shown in the figure 5. 
 
 
Fig. 5. The strain development in the steel rings as specified in the ASTM C 1581 test method. 
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The biggest impact on the steel ring had concrete M-1. The autogenous shrinkage of this concrete deformed the 
ring by -25 μm/m, while other concretes with lightweight coarse aggregate exhibit expansion. De-molding of side 
surface increases the impact of shrinkage, which in the end causes cracking. The highest rate, which translates to 
biggest impact of the shrinkage was exhibited by the M-1 concrete. The M-1 concrete also was the first one to 
crack – on average three days after casting. The M-2 concrete with coarse lightweight aggregate and fine natural 
aggregate cracked on average after 6.5 days, but exhibited very small ring deformation (-25 μm/m). This 
measurement is more than three times lower than in case of M-1 concrete. The M-3 concrete composed only with 
lightweight aggregate cracks with lowest measured ring deformation on average after 4 days. 
 
To evaluate the vulnerability to cracking of designed concretes caused only by autogenous shrinkage, the 
specimens were not demolded after one day, but rather kept sealed for the test duration The specimens were 
insulated and protected from drying through whole course of the test. The results are presented in the figure 6. 
 
 
Fig. 6. The deformation of steel rings with full insulation of concrete specimens. 
The impact of autogenous shrinkage on the deformation of measuring ring is the largest for M-1 concrete with 
natural aggregate. The rate in which shrinkage increases is steady up till the time of cracking. Concretes M-2 and 
M-3 with pre-wetted coarse lightweight aggregate are not vulnerable to autogenous shrinkage, but are vulnerable to 
overall shrinkage.  
 
To eliminate the cracking and lower the internal shrinkage, two internal curing methods were introduced. The 
shrinkage reducing admixture Sika Control-40 was added to M-1 concrete at a dosage of 1% of cement mass. The 
results of modification are presented in the figure 7. It can be noticed that added admixture reduces the magnitude 
of autogenous shrinkage during the first 24 hours after casting from approx. -30 μm/m to approx. -10 μm/m..It also 
reduces the rate of overall shrinkage after de-molding. Concrete specimen M-1 with shrinkage reducing admixture 
cracked on average after 10 days, while concrete specimen M-1 without the shrinkage reducing admixture cracked 
on average after 3 days due to increasing impact of steel ring’s stiffness.  
 
Several studies have evaluated the shrinkage and cracking behaviour of concrete using restrained shrinkage test. 
Moon et al. [1] and See et al. [2] tested the distribution of stresses caused by impact of shrinkage on steel ring. 
Hwang and Khayad [3], Radlinska et al. [4] and Nassif et al. [5] tested impact of shrinkage based on different 
components and insulation of the surface of concrete samples. 
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The second method of internal curing included measuring of the impact of moisture in the coarse fraction (4-8 
mm) of lightweight aggregate Pollytag. Tests were performer on a M-2 concrete with aggregate in three different 
states: oven-dry, air-dry and pre-saturated. Preliminary moisture tests showed the importance of pre-saturation. 
Concrete M-2 with oven-dry lightweight aggregate required 40% more water to achieve self-consolidation, 
whereas concrete with pre-saturated aggregate required 25% reduction of water. The results of ring tests and the 
influence of internal curing on the impact of shrinkage are presented in figure 8. 
 
 
Fig. 7. Investigation of steel ring deformations under the impact of shrinkage M-1 concretes with and without shrinkage reducing admixture. 
  
Fig. 8. The analysis of shrinkage of concretes with three different aggregate moisture contents.  
-90 
-80 
-70 
-60 
-50 
-40 
-30 
-20 
-10 
0 
10 
20 
0 1 2 3 4 5 6 7 8 9 10 11 12 
St
ee
l R
in
g 
St
ra
in
 με
 [m
/m
·1
0-
6 ]
 
Age of Specimen [days] 
Specimen A - M-1 - 0% SRA Specimen B - M-1 - 0% SRA Specimen C - M-1 - 0% SRA 
Specimen A - M-1 - 1% SRA Specimen B - M-1 - 1% SRA Specimen C - M-1 - 1% SRA 
-40 
-35 
-30 
-25 
-20 
-15 
-10 
-5 
0 
5 
10 
0 1 2 3 4 5 6 
St
ee
l R
in
g 
St
ra
in
 με
 [m
/m
·1
0-
6 ] 
Age of Specimen [days] 
M-2 (soaked aggregate) M-4 (air-dry aggregate) M-5 (drying aggregate) 
demolding 
cracks 
crack 
demolding 
cracks cracks 
615 Maria Kaszynska and Adam Zielinski /  Procedia Engineering  108 ( 2015 )  608 – 615 
First stage of tests (up to 24 hours) indicated significant influence of the moisture content on the setting time of 
cement binder. The setting of cement binder increased from 9 hours for M-2 concrete with oven-dry aggregate to 
12 hours for M-2 concrete with pre-saturated aggregate. The impact of autogenous shrinkage was also lower for 
concrete with pre-saturated aggregate. During the second stage, concrete with pre-saturated aggregate cracked on 
average after 6 days, whereas concretes with oven-dry and air-dry aggregates cracked on average after 4.5 days. 
 
Influence of used aggregate on the rate of shrinkage was tested by Kaszynska and Zielinski [6]. Kaszynska and 
Zielinski [7] indicated that pre-saturated aggregate reduces the rate of shrinkage. 
5. Conclusions 
The results of the study showed that unrestrained linear shrinkage of mortars measured with Auto-shrink 
method was largest for mortar with lowest w/c ratio. Mortar with w/c=0.25 exhibited shrinkage of 300 μm/m, 
whereas mortar with w/c=0.4 exhibited shrinkage of 50 μm/m. Autogenous shrinkage after 28 days of mortar with 
w/c=0.25 was 600 μm/m and for mortar with w/c=0.4 was 400 μm/m. 
 
Measurements with unrestrained shrinkage ring test indicated the influence of aggregate composition on the 
magnitude of autogenous shrinkage. Replacing natural coarse aggregate with lightweight aggregate Pollytag 
reduces the shrinkage not only in the first 24 hour but also after de-molding of specimen. This type of aggregate 
reduces the rate of shrinkage thereby increases the resistance to cracking. Lightweight aggregate has significantly 
lower strength, which results in compressive strength of concrete  lower by 40 MPa comparing to natural 
aggregates. Achieved compressive strength of concretes with Pollytag aggregate reaches approximately 50 MPa, 
which renders it light and of high performance. 
 
Evaluation of proposed internal curing methods indicated their effectiveness in limiting autogenous and drying 
shrinkage. Application of shrinkage reducing admixture Sika Control-40 reduces the shrinkage by approx. 50%, 
thereby reducing the rate in which the shrinkage accumulates and increasing the durability of concrete. Internal 
curing by pre-saturation of lightweight aggregate also reduces the shrinkage, but is not as effective as the first 
method. Pre-saturation of lightweight aggregate reduces the required amount of water necessary for obtaining 
proper self-consolidation.  
 
Prepared concrete mixtures have adequate self-consolidating properties, high compressive strength and density 
which allow to classify them as high-performance lightweight (M-2, M-3) and normal weight concretes (M-1). 
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